Despite their essential role in the process of chromosome segregation in most eukaryotes, centromeric histones show remarkable evolutionary lability. Not only have they been lost in multiple insect lineages, but they have also undergone gene duplication in multiple plant lineages. Based on detailed study of a handful of model organisms including Drosophila melanogaster, centromeric histone duplication is considered to be rare in animals. Using a detailed phylogenomic study, we find that Cid, the centromeric histone gene, has undergone four independent gene duplications during Drosophila evolution. We find duplicate Cid genes in D. eugracilis (Cid2), in the montium species subgroup (Cid3, Cid4) and in the entire Drosophila subgenus (Cid5). We show that Cid3, Cid4, Cid5 all localize to centromeres in their respective species. Some Cid duplicates are primarily expressed in the male germline. With rare exceptions, Cid duplicates have been strictly retained after birth, suggesting that they perform non-redundant centromeric functions, independent from the ancestral Cid. Indeed, each duplicate encodes a distinct N-terminal tail, which may provide the basis for distinct proteinprotein interactions. Finally, we show some Cid duplicates evolve under positive selection whereas others do not. Taken together, our results support the hypothesis that Drosophila Cid duplicates have subfunctionalized. Thus, these gene duplications provide an unprecedented opportunity to dissect the multiple roles of centromeric histones. Author Summary Centromeres ensure faithful segregation of DNA throughout eukaryotic life, thus providing the foundation for genetic inheritance. Paradoxically, centromeric proteins evolve rapidly despite being essential in many organisms. We have previously proposed that this rapid evolution is due to genetic conflict in female meiosis in which centromere alleles of varying strength compete for inclusion in the ovum. According to this 'centromere drive model', essential centromeric proteins (like the centromeric histone, CenH3) must evolve rapidly to counteract driving centromeres, which are associated with reduced male fertility. A simpler way to allow for the rapid evolution of centromeric proteins without compromising their essential function would be via gene duplication. Duplication and specialization of centromeric proteins would allow one paralog to function as a drive suppressor in the male germline, while allowing the other to carry out its canonical centromeric role. Here, we present the finding of multiple CenH3 (Cid) duplications in Drosophila. We identified four instances of Cid duplication followed by duplicate gene retention in Drosophila. These Cid duplicates were born between 20 and 40 million years ago. This finding more than doubles the number of known CenH3 duplications in animal species and suggests that most Drosophila species encode two or more Cid paralogs, in contrast to current view that most animal species only encode a single CenH3 gene. We show that duplicate Cid genes encode proteins that have retained the ability to localize to centromeres. We present three lines of evidence, which suggest that the multiple Cid duplications have been retained due to subfunctionalization. Based on these findings, we propose the novel hypothesis that the multiple functions carried out by CenH3 proteins, i.e., meiosis, mitosis and gametic inheritance, may be inherently incompatible with one another when encoded in a single locus. 2 Centromeres are the chromosomal regions that link DNA to the spindle during cell 3 division, thus ensuring faithful segregation of genetic material. Proper centromere function is 4 critical for eukaryotic life. Centromeric defects can result in aneuploidy and cycles of 5 chromosome breakage [1, 2] with catastrophic consequences for genome stability and fertility.
to identify putative CenH3 homologs in fully sequenced genomes; inability to find homologous 1 0 4 genes can be indicative of true absence [39] . To identify all CenH3 homologs in Drosophila, we 1 0 5 performed a tBLASTn search using both the canonical H3 and the D. melanogaster CenH3 1 0 6 (Cid) HFD as a query against 22 sequenced Drosophila genomes, as well as genomes from two 1 0 7 additional dipteran species. We recorded each Cid gene "hit" as well as its syntenic locus in 1 0 8 each species (Fig 1A, Table S1 ). Consistent with previous studies, we found no additional Cid 1 0 9 genes in the D. melanogaster genome or in closely related species of the melanogaster species 1 1 0 subgroup. In addition, we found that orthologs of the Cid gene in D. melanogaster have been 1 1 1 preserved in their shared syntenic location in each of the Drosophila species we examined, 1 1 2 except in D. eugracilis where it has clearly pseudogenized ( Fig S1) . We also found Cid Phortica variegate, which belongs to an outgroup sister clade of Drosophila. Based on these 1 1 5
findings, we conclude that an ortholog of D. melanogaster Cid1 was present in the common 1 1 6 ancestor of Drosophila in the shared syntenic location. We denote this orthologous set of genes 1 1 7 in this shared syntenic location as Cid1. Our analysis also identified four previously undescribed Cid duplications in Drosophila 1 2 0 ( Fig 1A) . The first of these was in D. eugracilis, which has a pseudogene at the ancestral Cid1 1 2 1 shared syntenic location but also encodes a full-length Cid gene in a new syntenic location ( Fig   1  2  2 1A, S1). We refer to this gene as Cid2. We sequenced an additional 8 strains of D. eugracilis to 1 2 3 see if there were any cases of dual retention of both Cid1 and Cid2 in this species (Data S1). In 1 2 4 all cases, we found that Cid1 orthologs were pseudogenized; they all contained a two base pair 1 2 5 deletion leading to a frame shift after the first nine amino acids and a stop codon after 12 amino kikkawai, which belongs to the montium subgroup of Drosophila. Thus, D. kikkawai encodes 1 3 2 three CenH3 genes: the ancestral Cid1, as well as Cid3 and Cid4 (Fig 1A) . Cid3 is located in However, whereas D. albomicans also encodes Cid5, D. busckii does not (clade D). The 1 7 1 phylogenetic resolution between Cid1 and Cid5 clades is strong enough to suggest that the 1 7 2
Cid5 duplication may have predated the split between D. busckii and other members of the 1 7 3
Drosophila subgenus, but that Cid5 was subsequently lost in D. busckii. 1 7 4 1 7 5 We also found that the Cid4 genes from the montium subgroup form a monophyletic 1 7 6 clade (Fig 2, clade B ) that forms sister clade to the montium subgroup Cid1 and Cid3 genes 1 7 7
(clade C). The melanogaster subgroup Cid1 genes (clade A) formed an outgroup to montium 1 7 8 subgroup genes Cid1, Cid3 and Cid4 (clade A is an outgroup to clade B and C). This was the 1 7 9
only major difference in branching topology between the maximum likelihood and neighbor- inversely proportional to the distance between recombining sequences [42] . We used GARD 1 9 3 (Genetic Analysis for Recombination Detection) analyses [43] to formally test for recombination 1 9 4
between Cid1 and Cid3 from the montium subgroup. Consistent with our hypothesis of gene 1 9 5 conversion, we found strong evidence for recombination between Cid1 and Cid3 (p = 0.0002) 1 9 6
but not between Cid1 and Cid4. The predicted recombination breakpoint is at the transition 1 9 7 between the N-terminal tail and HFD domains ( Fig 3A) . Indeed, when we made a maximum 1 9 8 likelihood tree from segment 1 alone (consisting primarily of the N-terminal tail), Cid1 and Cid3 1 9 9
formed the expected monophyletic clades distinct from each other ( Fig 3B) . However, when we 2 0 0 made a maximum likelihood tree of the HFD, we found evidence for at least three specific 2 0 1 instances of gene conversion (Fig 3C, recombination highlighted To further explore tissue specific expression, we performed RT-qPCR on dissected male 2 7 6 and female D. virilis and D. auraria flies (whole fly, head, testes/ovaries, carcass). We 2 7 7
performed the same analysis for D. melanogaster, which only encodes a single Cid1 gene, for 2 7 8
comparison. In D. melanogaster, we found that Cid1 expression is highest in testes and ovaries 2 7 9 and is relatively low in head and carcass ( Fig S5A) . This is not surprising since testes and 2 8 0 ovaries contain higher numbers of actively dividing cells than the head and the carcass. We wanted to extend our expression analyses of the Cid paralogs to other species 2 8 8 containing duplicate Cid genes. We performed RT-qPCR on two additional montium subgroup Our findings are consistent with the hypothesis of tissue-specific specialization of the Cid 2 9 6 paralogs in both the montium subgroup and the virilis group. These results also suggest that 2 9 7
Cid3 and Cid5 were retained to perform a testis-specific function. In contrast, the other Cid 2 9 8 paralogs are expressed in both somatic and germline tissues. However, these analyses lack the 2 9 9 cellular resolution necessary to conclude whether the expression patterns are mutually 3 0 0 exclusive or overlapping in tissues where multiple Cids are expressed. Moreover, in the 3 0 1 montium subgroup, Cid4 is expressed broadly in a pattern similar to D. melanogaster Cid1, and 3 0 2 it is the primary Cid duplicate expressed in somatic cells. This suggests that Cid4, and not Cid1, Given their sequence divergence and different expression patterns, it seems likely that 3 0 9
Cid paralogs may have subfunctionalized to perform distinct functions. Unlike the structural 3 1 0 constraints that shape the HFD, the N-terminal tail of Cid is highly variable in length and Drosophila Cid, studies in humans and fission yeast have shown that the N-terminal tail is 3 1 5
important for recruitment and stabilization of inner kinetochore proteins [22, 53, 54 ].
1 6
Furthermore, post-translational modifications of the N-terminal tail have been shown to be 3 1 7
important for CENP-A mitotic function [55] and for facilitating interaction between two CENP-A Conserved motifs provide an avenue to evaluate differential selective constraint in the N- translational modification. We reasoned that we might be able to use the presence of certain N-
terminal tail motifs as a proxy for various functional domains. We therefore used the motif 3 2 5
generator algorithm, MEME [58] , to identify conserved motifs in the N-terminal tail from six 3 2 6 different groups of Drosophila Cid proteins: melanogaster group Cid1 (single copy genes only), 3 2 7 montium subgroup Cid1, montium subgroup Cid3, montium subgroup Cid4, virilis group Cid1,
and virilis group Cid5 ( Fig S6) . We then used the motif search algorithm, MAST [59] , to search 3 2 9
for each motif in all Cid proteins. In total we found 10 unique motifs ( Fig S6) . Finally, we overlaid Block Maker [41] . Although their function remains largely uncharacterized, motif 4 has been 3 3 7
shown to be involved in recruitment of mitotic checkpoint protein, BubR1 [60] . Motif 4 could also tail exits the nucleosome and passes between the two strands of DNA [45] . Motif 4 is the only 3 4 0 motif present in all Cid paralogs, which suggests that it performs a general function among all 3 4 1
Cids. Given their retention in all single copy Cid-containing Drosophila species, we consider 3 4 2 motifs 1 -4 to be the "core" Cid1 motifs ( Fig 6B) and speculate that all are required for Cid1 Next, we observed that some Cid paralogs had evolved and retained 'new' N-terminal 3 4 7 tail motifs ( Fig 6C) . We identified three motifs that evolved in Cid paralogs from the montium 3 4 8 subgroup; motifs 5 and 6 are found in Cid1 whereas motif 7 is found in Cid4. One might interpret invention and retention of novel protein-protein interactions. We also found that 'ancestral' differentially retained motifs 1-3; Cid1 has motif 3 and Cid3 has motifs 1 and 2. This differential 3 5 5
retention of an ancestrally conserved subset of core motifs is suggestive of subfunctionalization 3 5 6 [57] . Furthermore, our findings support the hypothesis that in the montium subgroup, it is the
Cid4 paralog rather than the ancestral Cid1, which performs the canonical functions of This pattern of new motif evolution and ancient motif degeneration is also evident in the 3 6 3
Cid paralogs from the virilis group. In this group of species, the Cid1 paralog has retained the 3 6 4 core set of motifs 1-4 but added motif 8. In contrast, Cid5 paralogs have added motifs 9 and10 3 6 5 but lost core motifs 1 and 3. We therefore conclude that the tissue-specific pattern of expression 3 6 6 and the differential retention of N-terminal motifs support a general model of 3 6 7 subfunctionalization, but that some paralogs may have acquired novel protein-protein interaction tail motifs supports the hypothesis that Cid paralogs may have subfunctionalized. We therefore 3 7 4 considered the possibility that duplicate Cid genes were retained to allow optimization for 3 7 5 divergent functions. In the melanogaster group, Cid1 (a single copy Cid gene) has been shown 3 7 6
to evolve rapidly [7] , perhaps due to its interaction with rapidly evolving centromeric DNA and 3 7 7
the need for drive suppressors in male meiosis [17] . While this rapid evolution might be required 3 7 8
for the 'drive suppressor' function, it may be disadvantageous for canonical Cid function (e.g., We used maximum likelihood methods using the PAML suite to test for positive selection (Table S2 , p = 3 9 0 0.01). However, we did not find evidence that Cid5, another male germline-restricted paralog, 3 9 1 evolves under positive selection. We note, however, that we were unable to unambiguously 3 9 2 align a highly variable proline-rich segment in Cid5's N-terminal tail and excluded this segment 3 9 3 from our analyses ( Fig 7B) . If positive selection was occurring in this region, we would be 3 9 4 unable to detect it. We also found that Cid4 evolved under positive selection but montium 3 9 5
subgroup Cid1 and Cid3 segment 2, and virilis group Cid1, did not ( Fig 7A, Table S2 ). For those genes that PAML identified as having evolved under positive selection (Cid3 Table S2 ). Interestingly, these are both 4 0 2 places where Cid is predicted to contact centromeric DNA [45] . These results are consistent Table S3 ). Parsing the signal by performing the MK test on just (Table S3 ). However, we did not find evidence for positive selection in predicted to contact centromeric DNA [45] . Interestingly, even though PAML analyses detected 4 1 9
ancient recurrent positive selection in montium group Cid4, we found no evidence for more Neutrality Index = 2.71). We also found no evidence of positive selection having acted on virilis 4 2 2
group Cid1 or Cid5 using the MK test ( Fig 7A, Table S3 ). To summarize our positive selection analyses, we found that Cid3 has experienced both 4 2 5
ancient and recent positive selection in protein domains predicted to contact centromeric DNA.
2 6
Cid4 also has also experienced ancient, recurrent positive selection at putative DNA-contacting The availability of many high-quality sequenced genomes as well as the comprehensive 4 4 7
understanding of phylogenetic relatedness between species make Drosophila an ideal system 4 4 8
to study gene duplication and evolution. This facilitated our discovery of four ancient Cid 4 4 9 duplications in Drosophila. We found that while Cid1 (previously known as just 'Cid') is consrved Drosophila [63] . Indeed, we observed only two instances of Cid duplication followed by Interestingly, our expression and motif analyses strongly suggest that Cid4 has taken 9 0
for future experiments taking an evolutionary approach to study Cid function. The correct Cid We propose that in species with a single-copy Cid gene, the same protein must perform If it is advantageous to have multiple Cid paralogs, why don't more animal species 5 1 0 possess more than one gene encoding centromeric histones? We hypothesize that retention of 5 1 1
duplicate Cid genes requires a defined series of evolutionary events and that the cadence of the 5 1 2 mutations determines the ultimate fate of the duplicated genes [64] . First, the duplication must a duplicate Cid gene that acquired a strong or constitutive promoter would almost certainly be 5 1 7
detrimental. Furthermore, in order for a duplicate Cid gene to be retained, a series of genes. However, the same principle could be applied to mutations in coding regions. Since it is 5 2 2 easier to introduce a mutation that results in a non-functional Cid gene than a subfunctionalized The existence of Cid duplications in genetically tractable organisms provides an 5 2 7 opportunity to study the multiple functions of a gene that is essential when present in a single inheritance of centromere identity through the germline [70] are less well-characterized.
3 0
Studying subfunctionalized Cid paralogs may allow for detailed analysis of these Drosophila Cid genes were identified in previously sequenced genomes using both D.
4 6
melanogaster Cid1 and H3 histone fold domain to query the non-redundant database using 5 4 7
tBLASTn [71] implemented in Flybase [72] or NCBI genome databases. Since Cid is encoded open reading frame as a query to the D. melanogaster genome using BLASTn. We annotated 5 5 4
the syntenic locus according to these D. melanogaster matches. Each Cid gene was named 5 5 5
according to its shared syntenic location. It is worth noting that the Flybase gene prediction for 5 5 6 D. virilis Cid5 (GJ21033) includes a predicted intron but we found no evidence that Cid5 was Tris pH 7.5, 10mM EDTA, 100mM NaCl, 0.5% SDS) with Proteinase K (New England Biolabs).
6 3
Ground flies were incubated for 2 hrs at 55°C. DNA was extracted using phenol-chloroform regions. Only Cid paralogs that were predicted to be present in the species based on related 5 6 7 species sequenced genomes were amplified. All PCRs were performed using Phusion DNA the locus. A complete list of primers used in this study can be found in Table S5 . A list of primer 5 7 2 21 pairs used to amplify Cid paralogs in non-sequenced genomes can be found in Table S6. A list   5  7  3 of Genbank accession numbers can be found in Table S4   5  7  4  5  7  5 Phylogenetic analyses 5 7 6 Cid sequences were aligned using the ClustalW [73] 'translation align' function in the Geneious 5 7 7
software package (version 6) [74] . Alignments were further refined manually, including removal sequences were generated using the HKY85 substitution model in PhyML, implemented in 5 8 0
Geneious, using 1000 bootstrap replicates for statistical support. Neighbor-joining trees 5 8 1 correcting for multiple substitutions were generated using CLUSTALX [73] . We used the GARD 5 8 2 algorithm implemented at datamonkey.org to examine alignments for evidence of recombination 5 8 3 [43] . Pairwise percent identity calculations were made in Geneious. Phylogenies were visualized finding that they may be undergoing recurrent recombination (Fig 3) . Selected clades (labeled Cid4 expression but the Cid4 expression band was more robust than the Cid1 band. We did not Logos generated by MEME for consensus motifs 5 -10. We performed neighbor joining phylogenetic analyses with a nucleotide alignment of the 7 7 1 histone fold domain of all Cid paralogs. We found that Drosophila subgenus Cid1 (clade E), List of motifs in logo format identified by MEME for Cid from six sequence groups. E-value and 7 9 5 motif length is displayed to the right of each motif. An example of a motif that was found in 7 9 6 several groups ("TDYLEFTTS") is underlined. 7 9 7 7 9 8 S1 Table. BLAST results
9 9
List of all Cid-like hits from tBLASTn searches indicative of an excess of non-synonymous fixed changes, which suggests positive selection. Table. A list of Drosophila species and strains used in this study 8 1 2 List of primer sequences used in this study. List of primer pairs used for various aspects of this study including: identifying Cid in species Untrimmed sequences used to generate HFD alignments for maximum likelihood and neighbor- Alignment used to generate maximum likelihood and neighbor-joining trees. Trimmed sequence alignments used for PAML. Rini Kasinathan for their comments on the manuscript and past and present members of the 8 4 7
Malik lab for valuable discussions. We thank Frances Welsh and Tobey Casey for help with the 8 4 8
PCR analyses to confirm the presence or absence of potential Cid paralogs. We thank the San 
